Introduction 26
Bycatch in commercial sheries may potentially threaten a sustainable ecosystem and shery, 27 and knowledge about historical bycatch is therefore important. If bycatch is not recorded in the 28 shermen catch logbooks, which is the main source of information within commercial sheries, 29 historical bycatch needs to be estimated. In this research, we introduce a prediction procedure 30 based on the newly constructed Bayesian hierarchical spatio-temporal bycatch model in Breivik 31 et al. (2016) . We further compare our method with the frequently used ratio method (Scheaer 32 et al., 1996, page 204) and eort method (e.g. Walmsley et al., 2007; Hall, 1996) for a specic 33
shery. 34
Typically two sources of data are available for predicting bycatch; the commercial catch logbooks 35 the shermen are obliged to report, and observations taken for monitoring purposes. The rst 36 source, referred to as shery data, contains only target catch, whiles the latter, referred to 37 as survey data, contains both target catch and bycatch. To predict historical bycatch in the 38 commercial shery, we combine the shery data with the survey data. 39
The ratio method and the eort based method are widely used to predict historical bycatch 40 The model proposed to predict historical bycatch takes a regression approach and utilizes possi-45 ble important explanatory variables (such as seasonal eects and the size of target catch). It also 46 includes an underlying stochastic structure that partly explains the processes that the explana-47 tory variables fail to capture and simultaneously takes dependence structures into account. By 48 using our bycatch model we can utilize observations taken over several years to describe global 49 structures of bycatch. Our model-based approach is thereby able to provide good realistic by-50 catch predictions (with uncertainty) even in areas and time periods with few or no inspected 51 trawl hauls. 52
The prediction method introduced in this research is general and is applied to bycatch of juvenile 53 cod in the Barents Sea shrimp shery. A sorting grid, which sorts out the larger cod and reduces 54 bycatch, was imposed in this shery in 1992/1993 (ICES, 1994) . Because of the grid, the 55 bycatch is of no commercial value, and is discarded. There is a real time regulation of this 56 shery with respect to bycatch of juvenile cod, haddock (Melanogrammus aeglenus), redsh Service (MSS) believes that an area has a higher bycatch ratio than allowed, that is e.g. 8 60
cod per 10 kilogram of shrimps (Fiskeridirektoratet, 2005) , the area is temporarily closed. The 61 survey data used in this research have previously been used by MSS to regulate the shrimp 62 shery (Breivik et al., 2016) . See Little et al. (2015) for a summary of management methods 63 with respect to bycatch in several other large sheries. 64
Bycatch was also predicted in Breivik et al. (2016) for regulation purposes. Our research diers 65 mainly because we utilize huge amounts of shery data, resulting in new computational di-66 culties, and that the data distribution is changed from log-Gaussian to zero-inated negative 67 binomial. Furthermore, the target catch is in this research a given covariate since it is included 68 in both the shery data and the survey data, while in Breivik et al. (2016) where future predic-69 tions was the focus, the shrimp catch was stochastic. To adapt to the information given in the 70 shery data, the response variable for bycatch in Breivik et al. (2016) is changed from bycatch 71 per nautical mile to total bycatch, and with duration trawled included as an oset.
72
The paper is organized as follows. Section 2 presents the data used for historical bycatch 73 prediction. Section 3 provides a brief overview of historical bycatch prediction methods. Section 74 4 presents the model and section 5 illustrates the inference and prediction procedure. Section 75 6 presents the estimated model and predictions of historical bycatch. Section 7 validates the 76 predictions and compares them with the ratio and eort method. Finally, section 8 and 9 present 77 discussion and conclusions. Total shrimp catch by one boat in a given area and day (770kg, 13,750kg) Duration Hours used to trawl by a boat in a given area and day (7 hours, 22.9 hours)
Number of trawls The number of trawls varies between (76%), two (23%) or three (1.7%)
Quarter of the year 1st (9.2%), 2nd (42%), 3rd (38%) and 4th (11%) Table 2 for a short summary of the survey data. There were 18.5% zero-observations of 89 bycatch. The survey observations are collected for regulation purposes and the trawl hauls are 90 conducted using the same equipment as in the commercial shery. These observations may 91 Quarter of the year 1st (21%), 2nd (35%), 3rd (20%) and 4th (23%) In addition to the variables in Table 1 we also use total abundance estimates of 0-group cod 95 (juvenile cod less than one year old) in the whole Barents Sea to predict the historical bycatch. 96
These estimates can be found in Jakobsen and Ozhigin (2011, pages 565-567) . 97 3 Methods to estimate historical bycatch 98 This section gives a brief overview of methods to estimate historical bycatch. Our research 99 focuses on the third method (the model based method). 100
The ratio method 101
The ratio method (Scheaer et al., 1996, page 204) has been widely used to estimate historical 102 bycatch. The ratio method uses the reported bycatch ratio in the survey data to scale the 103 commercial target catch (here shrimp) to achieve estimates of bycatch, and is dened as 104 Figure 1a and each time intervals, t, be quarters of 109 years. The ratio method with these areas and time intervals is currently used as a standard for 110 providing ocial historical bycatch estimates in the Barents Sea shrimp shery (Ajiad et al., 111 2007; Hylen and Jacobsen, 1987) . 112 Equation (1) assumes there exists survey data in each area and time interval where commercial 113 catches occurred. This is not always fullled, and in such situations it is a common procedure 114 to expand the area on which the ratio, R A,t , is calculated. In our experiments, we expand the bycatch estimates from the survey data, and is dened as 128
Here time i,A,t is towing time used when b i,A,t was observed, and T A,t is the total commercial and Jacobsen, 1987), but we include it in this research since it is a natural alternative to the 132 ratio method in this shery. 133
The eort method (2) also assumes there exists survey data in each area and time interval where 134 commercial catches occurred. When this is not fullled, we increase the area, and potentially 135 time, as described for the ratio method. Just as for the ratio method (1), only observations 136
taken at locations open for commercial shery is used to calculate the eort estimate (2). 
where X(s,t) is a vector of covariates and β β β the vector of corresponding regression coecients.
160
Three random eect terms are included in the expectation, one spatial, α(s), one temporal, υ(t),
161
and one spatio-temporal, γ(s,t). These are respectively intended to capture that the bycatch 162 amounts may depend on local features, that bycatch changes between years and that observations 163 close to each other in both space and time are highly correlated. The random eects are modeled 164
as Gaussian random elds. 165
The additional zero-probability, p(µ) , in (4) is modeled as
where a > 0 and adjusts how the zero-probability changes with respect to (5). Note that the number of trawls used at the same time is included as a categorical variable and 176 not as an oset, this is done since the shape of the trawl may vary with the number of trawls 177 used at the same time. 178
We use a Fourier series (Lay, 2006 , page 456) for the seasonal eect. The Fourier series is given 179 by 180
Covariates Type Description 
where σ 2 α is the marginal variance, || · || is the Euclidean distance measure in kilometers, ν is a to be constant within years while independent between years, with variance σ 2 υ . We further dene 194 the rst month of the year to be September when we refer to the yearly eect. This is reasonable 195 because the 0-group enters a demersal life stage after September, and thereby starts living on thetemporal structure comes in addition to possible linear time trend and seasonal eects. 198
The spatio-temporal interaction term, γ(s,t), is modeled with mean zero and a separable sta-199 tionary exponential covariance structure given by 200
Here σ 2 γ is the marginal variance, || · || is the Euclidean distance measure in kilometers, |t 1 − t 1 | 201 is the time dierence in days and θ s and θ t are range parameters in space and time. We have used the Bayes factor (Gelfand, 1996) 
where Σ Σ Σ represents the selected covariance structure with sub-elements Σ Σ Σ CC , Σ Σ Σ CS ,Σ Σ Σ SC and 238 Σ Σ Σ SS dening respectively the correlation between the commercial bycatch, the cross correla-239 tion between the commercial bycatch and the surveillance bycatch and the correlation between 240 the surveillance bycatch. All these terms are derived from the set of latent elds that are 241 included in the model. Note that we do not know the exact locations of the shery data, 242 L = {(s,t) : (s,t) corresponds to shery data locations}, needed in the covariance structure. To 243 account for the uncertainty in L, we assume for simplicity that the shery data are independent 244 and uniformly distributed on the areas reported (the green rectangles in Figure 1a) . 245
The distribution of the commercial bycatch given the survey data is given by 246
Samples from this distribution can be obtained by the following algorithm: 247 1. Sample N 1 sets of catch locations L. 
to sample N 2 realizations of ϕ ϕ ϕ C given ϕ ϕ ϕ S for each set of (θ θ θ, β β β, L). 4. For each sampled set of (β β β,ϕ ϕ ϕ C , θ θ θ) sample one value from π(B C |β β β,ϕ ϕ ϕ C ,θ θ θ).
253
The algorithm above samples N 1 N 2 realizations of historical bycatch in the commercial shery. Table 2 ). Thereby may we not have enough observations to estimate 273 a possible triple trawl eect. 274
All three random terms in (5) were selected. This selection of random structure is the same as 275 in Breivik et al. (2016) . See Table 4 a) The spatial eect. b) The seasonal eect at 69 degrees north (red line) and 80 degrees north (black line) with 95% credibility intervals. c) The yearly eects added the zerogroup eect with 95% credibility intervals, note that each interval illustrates the eect from 1st September in the denoted year to 31st August in the next year. Table 5 . There seems to be variation between years, which is reasonable since the shing 288 intensity and the cod year class strength changes from year to year. trawl, which implies that the ratio estimate was not representative for the commercial shery. 297
Removing these ve observations resulted in a ratio method estimate of 3.9 million instead of 298 30.6 million cod in year 2004, which is much more in agreement with our model-based approach. 299
The dierence in year 1998 can be explained likewise, and is omitted for brevity. The eort 300 method (2) is not sensitive to small shrimp catches since it neglects the target catch, but is 301 however sensitive to short trawl hauls. 302
Note that depth is included as a covariate in the prediction procedure, while not given in the 303 shery data (see Table 1 ). The depth at the commercial catch location is in this research 304 extrapolated to be the same as the depth at the closest surveillance observation in space for 305 prediction. The survey data are concentrated where commercial shrimp trawling occurs, and we 306 therefore assume this approximation is sucient. 
With the ratio method, eort method and our model based approach the mean absolute relative 346 error is equal to 0.51, 0.34 and 0.32 respectively. This indicates that our prediction procedure 347 is more accurate than the ratio method which is currently in use for providing ocial historical 348 bycatch estimates in the Barents Sea shrimp shery. 349
The two range parameters in the spatio-temporal interaction (9) are estimated with all the 350 survey data (that is both the training and test set) when predicting bycatch in the test sets. A boxplot summary of 100 simulated relative errors of aggregated yearly bycatch in the com-376 mercial shery is shown in Figure 6 . We see that there is a tendency to overestimate bycatch 377 when using the ratio method (Figure 6a) , and a tendency to underestimate when using the 378 eort method (Figure 6b ). This bias can be explained by that the commercial shery focuses on 379 areas with high density of shrimps, while survey data are relatively random located were shrimp 380 trawling occurs. Our research indicates (Table 4) This research utilizes two data sources, survey data and shery data, and it is assumed that the 426 survey data are representative for the shery data for predicting bycatch given shrimp catch. are collected using the same type of equipment as used in the commercial shery. Thereby, we 430 argue that the assumption of representative catchability is reasonable. The density of bycatch is 431 indierent of the purpose of the trawl. However, some of the survey observations are taken due 432 to expected high bycatch ratios of a commercial sh species or of undersized shrimps, e.g. due 433
to seasonal eects or information received by the shery (MSS, pers. comm.). The commercial 434 shery may also behave dierently when an observer is on board, e.g. to avoid high bycatch 435 ratios for saving time and fuel needed to leave a closed area. The presence of observations taken 436 due to information not included in the analysis (e.g. the sheries knowledge about the spatio-437 temporal interaction eect for cod) may introduce a bias in the predictions. This possible bias is 438 assumed to be small, and is neglected in our analysis. Note that the MSS regulates with respect 439 to several other sh species, as described in section 1. These species have dierent juvenile 440 migration patterns compared to cod (Jakobsen and Ozhigin, 2011), which is an argument for 441 why such a possible bias introduced should be small. We want to emphasis that the procedure 442 used in this research should be generalized to other sheries with caution if there are reasons to 443 question the assumption of representative survey data.uniformly within the areas reported (see green rectangles in Figure 1 ). It is reasonable that the 447 catch locations are clustered in both time and space, which typically increases the uncertainty 448 of the predictions through the spatio-temporal interaction. However, we assume that this eect 449 is small and neglect it in our analysis. Note further that the commercial catches are reported as 450 daily catches, meaning that two separate catches are treated as one if they are caught the same 451 day and in the same area. This diers from the survey data, where each catch is distinctly given. 452
That the commercial bycatch is modeled with daily catches may introduce an overestimation of 453 the uncertainty. 
524
Notice that we use the full posterior distribution of the regression coecients and the spatial 525 eect while we only use the posterior mode of the hyperparameters. 526
